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Abstract 
One possibility to increase the performance of machine tools is the achievement of higher accelerations and jerks of moved slides
and stands. By this the energy consumption and machining-costs can be optimized.  
Nowadays machine tool structures are already optimized and further enhancements are not easily achieved. The paper deals with
the mechatronic system optimization of a large-scale HSC- and HPC- portal milling centre for e.g. forming tools. This includes the
identification of dynamic limiting structures and the following optimization by mechatronic system-monitoring. From process ne-
cessities a machining-time reduction by higher accelerations and improved process stability is intended. The system parameters
where achieved by the implementation of a redundant axis and the usage of up-to-date lightweight design by reinforced plastics. 
All over the design phase the structure was constantly monitored regarding their dynamic behaviour. Furthermore a model was used
– using a state space – to prejudge the machining time for a concrete example cycle. So even before any physical prototype exists
the mechatronic system-behaviour of the machine tool was pre estimated using a virtual mechatronic model. This allows for a vir-
tual product design with a new and improved quality of safety in achieving the pre-defined goals. 
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1. Introduction 
The improvement of the performance of machine 
tools is a uniformly goal in the design process and is 
realised through state-of-the-art cutting processes includ-
ing high dynamics. Furthermore resource- and energy 
efficiency are considered more important [1]. 
High-speed machining is a core aspect for economic 
and resource-efficient machining. HSC- and also HPC- 
machining is always used to reduce the costs (which 
represent resources) per work piece. An “indirect” effect 
of HSC- machining is an improved flexibility. 
Aspects of HSC-machining are shorter machining 
time per work piece, therefore: 
• higher output/machine in a given time span 
• less floor space (Æ costs) for a given output volume 
• less personal per output 
• less energy usage per work piece 
• higher flexibility, e.g. batch flexibility 
Every machine tool is a system for the realization of
one (or a finite number) of characteristic (cutting) pro-
cesses. It has to be taken into account that not every cut-
ting process is related to high dynamics of feed axes, so
not every cutting process is a dynamic process. But even
then the auxiliary processes of 5-axes machining centers
are limited through dynamic positing, e.g. tool chance. 
The realization of HSC- cutting in machine tools is
driven out by high dynamics of the machining process,
both when cutting and when positioning. To achieve this
favourable system behaviour, the static and dynamic
stiffness are key evaluation criteria, which already need
to be considered during the design process. In particular,
in the analysis of feed axes the coupling of elastic me-
chanic structure with the control system can be applied
advantageously. This design tool known as coupled sim-
ulation became state-of-the-art in recent years [2-4] and
is demonstrated afterwards by the example of a new
HPC- machine tool concept. 
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2. New dynamic HPC machine tool concept 
As introduced, the improvement of the performance 
of machine tools is a uniformly goal in the design pro-
cess. The relative performance (cutting volume / work 
piece volume) of machine tool usually decreases with an 
increasing machine tools dimension. Causative for this 
effect is mainly the dynamic performance of the feed-
drives, which are for their part based on 
• larger loads and therefore larger load moments of 
inertia, which require high acceleration forces and 
lead to larger load moment of inertia induced struc-
tural displacements 
• larger dimensions of moments of inertia, attended by 
lower natural frequencies and reduced static and dy-
namic stiffness. 
To increase the performance of mid- to large scale 
state-of-the-art machine tools, passive lightweight design 
measures are implemented to achieve the highest possi-
ble lightweight factor for the machine components 
through appropriate material selection and design [5]. 
A new active mechatronic concept of extreme light-
weight design is to split the moment of inertia of a heavy 
feed-drive axis to avoid the disadvantages. One part (of 
the feed-drive) is heavy built and realises large strokes, 
but the other part is built light for high dynamics. For a 
high dynamic performance when cutting, the small axis 
is moved locally with high accelerations whereas the 
heavy axis is realising the main motion over longer peri-
ods. This concept, known as redundancy, principles for 
the splitting of necessary motions and a concrete ma-
chine tool concept was introduced for example in [6-7]. 
The concept uses the necessary serial arrangement, so 
the heavy slide with global motion carries the small slide 
with local motion. 
In this paper an alternative concept of motion redun-
dancy is introduced, where the heavy slide carries the 
small slide no longer, but the force flux is closed through 
the basement. This means practically that the heavy 
work piece load of large forming tools and long global 
strokes is concentrated on one side, and the dynamic 
small local axis is placed at the tool site. The improve-
ment to the solution introduced in [6] is that the large 
axis no longer carries the small one, thereby is no dy-
namic feedback between the redundant axes, so the sys-
tem is de-coupled regarding the redundant feed-drives. 
Specific selected as redundant axis is the feed drive 
axis with the largest moment of inertia, which typically 
is the X-axis of large milling centres, e.g. for forming 
tools. The X motion is realised by the motion of the 
bench (portal machining centre) or by the motion of the 
milling column (column or gantry milling centre). Based 
on result from [6-7], a travelling range of ±150 mm is 
necessary for the small dynamic axis. This axis has to be 
integrated that way, that on one side the mass and there-
fore the moment of inertia is as small as possible, on the
other side several criteria for designing dynamic and
accurate NC-axis have to be considered. As suitable so-
lution for the requirements was selected a box-in-box
concept with direct motion of the Z-support in X-
direction, see Figure 1. 
 
Fig. 1. Design concept of a large HPC machining centre with redun-
dant X motions 
The Y-slide is placed between two fixed portals (out-
er box, ball screw drive axis or linear feed drive axis)
and carries inside the redundant X1-slide (box). This
inner box carries itself the Z-slide (Z-support). The
large-stroke and heavy built X drive axis bearing the
work piece is designed as toothed-rack pinion feed-
drive. To further increase the dynamic performance of
the machine tool, the Z-support is designed as fibre-
reinforced plastic structure (reinforced-plastics – metal
hybrid design). The dominant bending strain, character-
ized by a longitudinal strain load characteristic along Z
of the Z-support, favours the fibre reinforced material. 
The realisation of such a concept and the general im-
provement of already well design machine tools is only
possible by a holistic simulation of the system in the
design phase. The state-of-the-art tool of mechatronic
simulation is capable to pre-judge a design regarding the
systems dynamic behaviour [8]. 
Before discussing the result of the mechatronic simu-
lation of the new HPC-machine tool design in chapter 5
the theoretical concept of the coupled simulation is in-
troduced (chapter 3) and general aspects of feed-drive to
structural stiffness and load ratios are derived from a 3-
mass minimal model (chapter 4). 
3. Virtual product design using a holistic 
mechatronic systems analysis of the dynamic 
machine behaviour 
The purposes for the mechatronic systems analysis of
machine tools, besides the determination of static char-
acteristics, are the recognition of the dynamic behaviour
of the closed control system, e.g. with disturbance trans-
fer behaviour on the tool centre point (TCP) and control
transfer behaviour of the axes. From the point of view of
machine dynamic, for a good and balanced design a rela-
tive compliance frequency response without significant
 R. Neugebauer et al. /  Procedia CIRP  1 ( 2012 )  307 – 312 309
 
dominance of an individual natural frequency should be 
intended. This approach is shown in the following. 
3.1. Finite Element-Model 
The finite element-model (FEM-model) is largely 
constructed in a modular way, i.e. the individual compo-
nents are mashed independently of one another and are 
then connected to replacement models as MATRIX27 
elements (stiffness Matrix) in ANSYS classic, which 
represent the transfer behaviour of the components, such 
as linear guides, bearings, ball screws and mounting 
elements. The exclusive consideration of mechanical 
components, in determination of static and dynamic 
characteristics, generally does not provide sufficient 
information about the machine behaviour, as it can only 
be evaluated in the interaction of control and mechanics. 
3.2. Mechatronic Model 
In principle, there are several methods of coupling of 
mechanics and control [2, 4, 9], all of which have ad-
vantages and disadvantages. The transformation varia-
tion of the mechanical model into the environment of the 
control description is applied, to use the possibilities of 
conventional modelling of the control cycle. 
The reduction of the complex FEM model for struc-
tural dynamic problems is subject of extensive literature, 
e.g. [2, 10-11]. There are new approaches as well [12-
13]. In this paper, the classical approach of modal reduc-
tion is used, to achieve sufficient accuracy. 
The first step is the execution of an undamped modal 
analysis in ANSYS. The resulting real eigenvectors and 
eigenvalues are essential for the development of a linear 
state space model. For practical and efficiency purposes, 
the modal dampings for all considered modes are added 
later on. The simulation of the closed control system is 
carried out with the background of the control-
engineering focus in MATLAB. In the second step, the 
eigenvectors and eigenvalues are read-in and then used 
to build the state-space system. Therefore, the input 
nodes and their input node degree-of-freedom in an array 
have to be defined in ANSYS. The same applies to out-
put nodes and output node degree-of-freedom. It can be 
decided by a parameter, whether the output path, veloci-
ty or acceleration are desired. Additionally, the number 
of considered N first modes has to be determined (model 
reduction). Modal dampings have to be defined in AN-
SYS. An explicit reduction can take place with the avail-
able system matrixes. Figure 2 shows the principle pro-
cedure, for further information see [8]. The third step is 
the coupling of the mechanic state-space model with the 
control engineering system part in MATLAB or Sim-
ulink. Of interest are the frequency responses for (posi-
tion-, speed-) control- and disturbance transfer functions. 
Regarding further details on the topic and the mathemat-
ical solution see [8]. 
 
Fig. 2. State-space structure (application FEM: ANSYS, control model 
environment: MATLAB/Simulink) 
4. Analytic minimal model for redundancy and load 
to feed-drive ratios regarding the dynamic system 
behaviour 
For the pre-estimation and justification of basic ef-
fects of a feed-drive (m1) with two structures (m2, e.g.
slide and m3, e.g. milling head) a minimal 3-mass model
was used. The dynamic behaviour of this simple un-
damped system is characterized by the equations of mo-
tion of the system: 
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with: 
)t(q  output vector in physical coordinates  
M  mass matrix with mass 1, 2 and 3 (m1-3) 
C  stiffness matrix with stiffness c1 and c2 
)t(f  impressed forces 
 
The solution of the eigenfrequency problem can be
derived from the following correlation [14]: 
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The solution for the eigenfrequencies are the follow-
ing [14]: 
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The maximum dynamic displacements for the several 
generalised coordinates can be derived from the so-
called modal matrix afterwards, see [14] for details. 
4.1. Results for different combinations of feed-drive to 
load moments of inertia and combinations of stiffness of 
the feed-drive to the stiffness of the structure 
Based on the 3 axis model, different mass and stiff-
ness ratios where considered (total 8x8 = 64 Versions): 
• linear mass of feed drive m1: 
500/750/1.000/1.500/2.500/5.000/10.000 kg 
• linear mass of loads m2 /m3: 5.000 kg each 
• linear stiffness of the feed drive to the structure 1 
(e.g. slide) c1: 50/75/100/150/200/250/500/1e3 N/μm 
• linear stiffness of the structure 1 (e.g. slide) to the 
structure 2 (e.g. milling head) c2: 1.000 N/μm 
All masses are linearised applied to the site of the 
load mass (TCP-site). The results are the same if all 
masses are related on the site of the feed-drive, the sys-
tem is then represented through a 3-mass torsion system. 
Fig. 3 gives the results for the considered relations. 
We get the following correlations: 
• The lower the moment of inertia of the feed-drive 
(m1) towards the moments of inertia of the loads 
(m2+m3), the higher the dynamic stiffness of the sys-
tem. 
• The more rigid the feed-drive is coupled to the struc-
ture 1, the higher the dynamic stiffness of the system. 
• The influence of the stiffness ratio of feed-drive to 
structure 1 is higher than the influence of the mo-
ment-of-inertia ratio of the feed-drive (m1) regarding 
the loads (m2+m3). 
Several items are to be considered. First, below a val-
ue of about 2 for Ȝ (ratio of moment of inertia to feed-
drive) no more improvement of the dynamic stiffness is 
realised. Furthermore, a high Ȝ correlates in reality al-
ways to some degree with a low stiffness c1 (stiffness of 
the feed drive to the structure 1) because of an associated 
high transmission ratio. It has to be considered that a 
transmission transmits also the displacements of the 
drive site to the site of the structure 1, which is repre-
sented by a low linearised stiffness c1 in the model. 
 
Fig. 3. Minimum dyn. stiffness of the 3-mass system in dependence of 
the moment of inertia and stiffness ratios (regarding m3, e.g. TCP) 
4.2. Dynamic displacement for an acceleration of 10 
m/s² for different loads 
From the results of paragraph 4.2 it derived that the
load mass (and from it specifically the moments of iner-
tia of the load) itself does not determine the dynamic
stiffness of a system. The dynamic stiffness is deter-
mined from the ratio of the moments of inertia of the
feed-drive towards the moment of inertia of the load and
the ratio of the stiffness of the feed-drive regarding the
stiffness of the structure (c1). 
It seems that high feed-drive stiffness (c1) is essential,
but that the load mass is not critical as long as the ratio
of the moments of inertia is constant. But the well
known correlation between force and acceleration has to
be considered (F = m*a). So if the load mass, which has
to be accelerated, is much higher, the force (of the feed
drive or the related moment of the feed drive) has to be
equal higher for the same acceleration. Assuming a con-
stant stiffness of the feed drive regarding the structure
(c1), a bigger load mass leads to higher acceleration
forces and therefore much larger dynamic displace-
ments. Figure 4 shows the resulting displacements and
eigenfrequencies assuming an acceleration of 10 m/s² for
a constant linearised feed-drive mass and constant static
stiffness c1 and c2 of 1.000 N/μm and different load
masses between 1.000 and 20.000 kg. It is apparent that
a weight reduction brings lower dynamic displacements,
even if the static and dynamic stiffness stays equal. 
 
Fig. 4. Dynamic displacement of the 3-mass system (regarding q3 – 
TCP) for an acceleration of 10 m/s² and different loads (constant stiff-
ness c1 and c2 and constant moment of inertia of the feed drive) 
5. Dynamic system analysis for a HSC milling centre 
5.1. 5-Axis HSC-milling centre 
A new redundant HPC- machining concept was de-
scribed in chapter 2. The redundant X1-axis reaches 5
m/s² and realises all dynamic accelerations necessary for
machining the free formed surfaces of the moulding tool. 
The process limiting X1- and Y-axes where evaluated
regarding their dynamic behaviour by a coupled mecha-
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tronic simulation. The first concept included a linear 
motor feed-drive X1-axis with 4 separate linear drives. 
The Y-axis is implemented as a relatively weak ball 
screw axis with two separate rotary drives. After the first 
system analysis (see chapter 5.2 and 5.3) and the identi-
fication of the Y-axis as the dynamic weak axis the sys-
tem was modelled with an extreme rigid Y-axis being 
the opposite extreme. 
5.2. Modal analysis of a 5-axis milling centre – 
frequency analysis 
For the characterization of the behaviour of the re-
dundant X1- and the Y-axis a simulated frequency anal-
ysis was implemented. The disturbance frequency re-
sponse of the axes characterizes the behaviour of the 
system in the declared direction on an external “disturb-
ance”. A process force is a disturbance for the system. 
Fig. 5 shows the open- and closed-loop disturbance 
reaction of the original design with weak ball screw Y-
axis and stiff redundant linear direct drive X1-axis. 
First the open-loop disturbance frequency response 
shows the dominating eigenfrequencies of the mechani-
cal structure at 32 Hz in Y-direction and 37 Hz in X1-
direction. These are the “bending” frequencies of the Z-
support around the Y- and X axes. The bending of the Z-
support is typical for this kinematic structure character-
ised by a cantilevered Z-axis with a long stroke and a 
milling head more than 1 m below the drives of the X1- 
and Y-axis. 
Fig. 5 (bottom) shows a much higher minimum dy-
namic stiffness for the redundant X1-axis regarding the 
Y-axis. The ratio is about 4 to 1 for the minimum dy-
namic stiffness at higher frequencies. The static stiffness 
is higher and the Y-axis is heavier (11 t to 4 t). 
 
Fig. 5. Disturbance frequency responses for the HPC-milling centre 
with redundant X1-axis (original design with ball-type linear drive) 
Fig. 6 shows the results for the disturbance frequency 
responses of the version with rigid Y feed-drive. The 
behaviour of the mechanical system is the same with 
higher dynamic stiffness for both axes, even the minimal
stiffness of the X1-axis is further improved (because of a
stiffer base and no cross- coupling). The Y-axis is abso-
lute rigid, which is not a realistic design. But it shows
clearly that a stiff feed-drive design is essential for a
good dynamic behaviour (see chapter 4.2). 
Fig. 6. Disturbance frequency responses for the HPC-milling centre 
with redundant X1-axis (rigid Y-feed drive) 
5.3. Analysis in time domain 
Afterwards a analysis in time domain was realised.
The max. acceleration is 5 m/s². The max. feed rate was
0.5 m/s. 
Figure 7 shows the displacements of the original ver-
sion with weak ball screw Y-axis. As stated in chapter
4.2 and 4.3 from the minimum dynamic stiffness and
from Fig. 5 the displacements of the Y-axis should be
around 4 times of the displacement of the X1-axis – but
only if assuming equal forces. However the necessary
(linearised) forces for the heavier Y-axis are more than 3
times that of the redundant and relative “light” X1-axis
for the same acceleration (see chapter 4.3). This combi-
nation leads to dynamic displacements 20 times higher
than the displacement of the X1-direct linear feed axis. 
 
Fig 7. TCP displacements for the HPC-milling centre with redundant 
X1-axis (original design with ball-screw linear drive for the Y-axis) 
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Fig 8 shows the same dynamic displacements at the 
TCP for the version with rigid Y-axis. The dynamic dis-
placements for both axes are very small, considering the 
high forces up to more than 50 kN (Y-axis) for an accel-
eration of 5 m/s². As stated already the stiffness of the 
Y-drive for this version is not practical realisable. How-
ever, it shows the importance of an “as rigid as possible” 
feed-drive stiffness for HSC- and HPC- milling centres. 
 
Fig 8. TCP displacements for the HPC-milling centre with redundant 
X1 axis and rigid Y feed-drive 
6. Summary and Outlook 
Aiming to increase the performance of state-of-the-art 
HSC- and HPC- machine tools an optimized mechatron-
ic dynamic behaviour is indispensable. To increase the 
dynamic behaviour, a manipulation of the stiffness/ 
weight ratio of the machine tool structure is essential 
(lightweight design). One extreme structural approach is 
the redundancy of dynamic limiting feed-drive axis, e.g. 
in large HPC-milling centres. To pre-judge the design 
efforts, the holistic mechatronic simulation of the static 
and dynamic behaviour is necessary. 
Analytic investigations of a 3-mass model suggest 
that the stiffness of the feed-drive regarding the moved 
slide has to be as high as possible for min. dynamic dis-
placements. Furthermore assuming a constant stiffness, 
the load mass has to be as low as possible for min. dis-
placements to realise a given acceleration and therefore 
cutting performance. Based on these principal effects, 
the concept of redundancy has a large potential in HPC- 
and HSC- machine tools. The mechatronic simulation 
proved the superb performance of the redundant design 
on the example of an X-axis of a large milling centre. 
Further investigations on the concept of redundancy 
are necessary, which take into account general correla-
tions of stroke and load and also possible jerks on the 
tool site. The tool of the mechatronic simulation contains 
further potential. For example different positions of 
feed-drive axis should be considered through individual 
state-spaces if a machining process of larger work pieces 
is considered from beginning to the end. This includes 
also the cutting-time pre-estimation of machining pro-
cesses of whole work pieces in the design phase by the 
comparison of different design concepts. 
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